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Uncertainty QuantiﬁcationSince real petroleum fuels are composed of a huge variety of hydrocarbon components, surrogate
mixtures of various hydrocarbon fuels are typically employed in computational research and in engine
development to represent transportation fuels. In this study, a reduced combustion mechanism of
Primary Reference Fuel (PRF) mixtures (n-heptane and iso-octane) is integrated into the published kinetic
model (Narayanaswamy et al., 2010), allowing for the formulation of multi-component surrogate fuels
(e.g. PRF/toluene) and for the prediction of Polycyclic Aromatic Hydrocarbon (PAH) formation in gasoline
engines. In order to optimize the model performance, a recently developed optimization technique based
on rate rules (Cai and Pitsch, 2014) is extended in this study. The goal is to calibrate automatically the
multi-component kinetic mechanism, which also leads to a chemically consistent PRF mechanism and
a computational advantage for the calibration process. In addition, this work contributes to the develop-
ment of general rate rules for various hydrocarbon fuels. An ethanol model is also incorporated into the
proposed mechanism. This facilitates the prediction of gasoline/ethanol blend combustion. The resulting
mechanism retains a compact size and is successfully validated against experimental measurements.
 2014 The Combustion Institute. Published by Elsevier Inc. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Despite the increasing interest in alternative biofuels, petro-
leum fuel remains dominant in the transport sector. Nowadays,
computational ﬂuid dynamics (CFD) calculations are often applied
in engine design to deepen the understanding of the fuel combus-
tion process, for which accurate reaction mechanisms form the
backbone [1–3]. While several global properties of practical fuels,
e.g. octane number and energy density, can be either experimen-
tally determined or numerically calculated, the detailed combus-
tion kinetics of fuels are highly sensitive to constituents and
therefore very complex. Regarding this, surrogate mixtures com-
posed of several hydrocarbon fuels are often used in CFD simula-
tions to represent these real fuels [4]. For gasoline fuel, generally
used in spark-ignition and homogeneous charge compression
ignition (HCCI) engines, the Primary Reference Fuel mixture of
n-heptane and iso-octane is often suggested as the surrogate mix-
ture [5,6]. To account for aromatic compounds in petroleum fuel,
ternary mixtures of n-heptane, iso-octane, and toluene can also
be found in numerous published studies to represent gasoline
[7–11]. A kinetic mechanism for these surrogate mixtures shouldon the one hand enable high-ﬁdelity modeling of individual fuel
components and should on the other hand reﬂect the combustion
properties of surrogate mixtures and practical fuels correctly.
A variety of kinetic mechanisms for PRF and ternary mixtures
are available in the literature [5,8,12–14]. Curran et al. developed
detailed kinetic mechanisms for n-heptane [15] and iso-octane
[5] oxidation. The combined PRF mechanism has been applied suc-
cessfully in simulations of homogeneous compression ignition
engines [16]. Due to the large number of chemical species and
reactions found in the mechanism, several reduced mechanisms
were published based on that detailed PRF mechanism [6,17]. A
detailed kinetic model for toluene oxidation was derived by Pitz
et al. [18], and chemical mechanisms of n-heptane/iso-octane/
toluene mixtures were studied in various publications [8,19,20].
An interesting additive to surrogate mixtures is ethanol, with
which the surrogate fuel can also describe gasoline/ethanol blends
in spark ignition engines [21–24]. Cancino et al. [21] and Andrae
[25] proposed chemical mechanisms including the combustion
chemistry of n-heptane, iso-octane, toluene, and ethanol. However,
as the chemical reactions of several fuel species are included in the
mechanism, both mechanisms consist of more than one thousand
species and four thousand reactions. Nevertheless, the detailed
reaction chemistry for PAH and nitrogen oxides (NOx) formation,
which is of great interest for engine simulations, is missing in the
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ered as validation targets in these studies. A lumped reaction
mechanism was developed by Dirrenberger et al. [23] for n-hep-
tane, iso-octane, toluene, and ethanol as well. While the model
shows excellent agreement with the measured burning velocities,
the validation of ignition delay times is neglected in that study.
In general, a strong variation in constituents can be found for
gasoline from various sources. This variation results in different
physical and chemical characteristics of gasoline, which affects
the formulation of surrogate mixtures. Recently, 1-pentene [12],
2-pentene [13] and di-iso-butylene [25,26] were proposed as addi-
tional surrogate components to represent the unsaturated hydro-
carbons in gasoline fuels and to minimize deviations of
properties between gasoline and the surrogate mixtures. While
the choice of the fourth component is highly sensitive to gasoline
constituents, a ternary mixture of n-heptane, iso-octane, and tolu-
ene with an optimized blending ratio is generally able to represent
gasoline with different compositions over a wide variety of condi-
tions in CFD calculations, as demonstrated in the literature [27,28].
Therefore, these three surrogate components are considered in this
study.
From the standpoint of experimental investigations, a large
number of studies for gasoline surrogates can be found in the liter-
ature, including measurements of ignition delay times behind
reﬂected shock waves [7,29,30] and in rapid compression
machines [9,10], laminar burning velocities [6,31,32], and stable
species proﬁles at different pressures from ﬂow reactors [8] and
jet stirred reactors [33].
An additional aspect of the kinetic mechanism development is
the continuous reﬁnement of the model accuracy. In the recent
years, automatic optimization and uncertainty quantiﬁcation
(UQ) techniques have been successfully established for improving
predictive accuracy of chemical schemes [34–37]. In cases of rate
parameter optimizations described in the literature, rate parame-
ters of individual reactions are usually systematically optimized
to obtain good agreement between experiments and simulations.
This can lead to inconsistencies in rate parameters of kinetically
similar reactions. Recently, Cai and Pitsch [38] demonstrated a
method to calibrate rate rules that determine reaction rates of
kinetically similar reactions included in one reaction class instead
of rates of single elementary reactions. This leads to a chemically
more consistent model calibration. The methodology also reduces
the number of active parameters and therefore enables optimiza-
tion of low temperature auto-ignition, where a large number of
reactions appear as important. For the present study, the method
is applied to calibrate the PRF kinetic mechanism, in which com-
mon rate rules are incorporated for n-heptane and iso-octane. Once
the general rate rules are automatically calibrated, one would
expect that both kinetic models are improved. So far, few studies
have focused on the calibration of multi-component mechanisms,
and the published studies have been carried out mainly for small
species up to C3H8 [39,40]. This fact can be attributed to the large
number of uncertain but sensitive rate parameters of elementary
reactions found in mechanism optimization of large hydrocarbon
fuels, which leads to an intractable computational cost. The com-
putational cost will be minimized in this study by using optimiza-
tion of rate rules rather than individual reactions [38]. This has the
advantage that kinetically similar reactions are categorized into
classes of reactions with assigned rate rules and that the number
of rate rules considered in model development does not increase
with the number of fuels in the mechanism. Moreover, the calibra-
tion in this study contributes to a reﬁnement of the general rate
rules that can be employed to construct hydrocarbon fuel
mechanisms.
Nowadays, practical reaction mechanisms for engine design are
supposed to model a wide range of hydrocarbon fuels, which arenecessary components of transportation fuel surrogates, with a
reasonable mechanism size for CFD simulation. In addition, there
is a strong demand for reaction schemes of pollutant formation
for emission prognosis and control.
The goal of this study is to propose an accurate and compact
chemical mechanism for gasoline surrogate fuel (e.g. PRF/tolu-
ene/ethanol). The mechanism is developed in four steps: (a) The
PRF and ethanol mechanisms are adopted from the published liter-
ature and added as modules on an existing thoroughly-validated
model [41] for C1–C8 hydrocarbon fuels and substituted aromatic
species, e.g. toluene, styrene, m-xylene, and 1-methylnaphthalene.
This allows for the possibility to propose gasoline surrogate mix-
tures with various components and to correctly predict PAH forma-
tion as well as the further growth to soot particles in engine
simulations. (b) For high prediction accuracy, the optimization
technique based on rate rules [38] is applied to calibrate the rate
rules, which have been employed to construct the multi-compo-
nent chemical mechanism that is in this study the mechanism of
n-heptane and iso-octane. The mechanism is optimized against
ignition delay times of n-heptane, iso-octane, and their mixtures
with varying initial compositions over a wide range of conditions.
(c) In order to demonstrate the performance of the resulting mech-
anism, it is extensively tested for laminar ﬂame speeds and jet stir-
red reactor data for binary PRF mixtures as well as ﬂow reactor
data and ignition delay times for ternary mixtures. Subsequently,
the ethanol sub-model in the present mechanism is validated
against the ignition delay times and the adiabatic burning veloci-
ties of ethanol and also the data of ethanol-blended fuels. A large
experimental database is used to evaluate the model performance
of the oxidation of neat fuels and surrogate blends. (d) Appropriate
surrogate model formulations are investigated and discussed in
this work.
The presentation of this paper is organized as follows. First, the
optimization methodology based on rate rules is introduced. Next,
the development of the PRF and ethanol mechanism is described in
detail. Then, the proposed mechanism is subjected to the auto-
matic calibration process, leading to an optimized and chemically
consistent PRF mechanism. Following this, numerical results using
the developed model are presented and compared with experi-
mental data of n-heptane/iso-octane/toluene/ethanol mixtures.
The paper closes with a short section to assess the surrogate
formulation.2. Methodology
Recently, Cai and Pitsch [38] extended the method by Sheen and
Wang [36] for automatic calibration of chemical kinetic models by
performing optimization of reaction rate rules. This methodology
reduces the number of uncertain parameters by categorizing kinet-
ically similar reactions into reaction classes. It therefore enables
the optimization of cases where numerous reactions appear as
important, as is the case for low temperature auto-ignition of large
aliphatic fuels. A second advantage of this method is that rate rules
can be simultaneously optimized for several different fuels and
fuel mixtures, which leads to more consistent values for reaction
rate coefﬁcients of rate rule. This methodology is described brieﬂy
in the following section.2.1. Reaction classes and rate rules
In the present model development procedure, a well-studied
kinetic mechanism including C0–C4 chemistry is taken as the base
mechanism to describe the oxidation of the small intermediate
species generally produced in fuel combustion. Then, the fuel-
speciﬁc chemistry is derived using prior knowledge of similar
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step of the fuel are categorized as a class of reactions with the
assigned rate constant expressions. A large amount of reaction
mechanisms were recently built in this way for fuels of interest
[5,15,42–47]. In the currently common approach, 30 reaction clas-
ses, listed in the supplementary material, are used to construct a
chemical kinetic mechanism [43].
Reaction rate constants can be determined from quantum
chemistry calculations [48–52] or experimental measurements
[53–55]. However, while this is practical and even desirable for a
small number of reactions, it is experimentally and computation-
ally difﬁcult to determine the rate constants of all involved reac-
tions due to the large number of intermediate species and
reactions. For the chemical reactions included in the reaction clas-
ses, where rate data are not available, rate rules are therefore used
to specify their reaction rate coefﬁcients. The use of rate rules has,
besides the obvious purpose of treating reactions with unknown
rate data, another interesting advantage, which is that rate rules
can be consistently supplanted when reaction rates become avail-
able from calculation or experiment. This also implies that rate
rules can be treated and optimized consistently during an optimi-
zation process.
The rate rules for the individual classes are generated based on
available chemical kinetic knowledge [15,43]. Several rate rules
can be found for one class (e.g. Class 15: RO2 = QOOH) with respect
to a broken C–H bond and a ring strain energy barrier. However, it
can also be found that only one rate is employed for a class of reac-
tions (e.g. Class 16: RO2 = alkene + HO2), if limited information of
similar reaction types is provided in the literature. Detailed expla-
nations of rate rules can be found in the Supplementary material.
As reported by Cai and Pitsch [38], each rule is treated as a poten-
tial active parameter of the model optimization.
To provide a reliable model, the deviations between model and
experiment are typically minimized by manually tuning the sensi-
tive rate coefﬁcients within their uncertainties [56]. Recently, the
automatic optimization and uncertainty quantiﬁcation (UQ) tech-
nology has been successfully applied to replace this manual tuning
process [34–36]. The rate constants of elementary reactions are
thus systematically and automatically optimized for good model
performance. However, as previously described, the reaction rate
constants of most derived reactions in a kinetic mechanism are
speciﬁed using rate rules, and a rule can be used for few to dozens
of reactions in a model. Therefore, in the common reaction class
based way of mechanism construction, rate constants of reaction
classes and rate rules should be modiﬁed, instead of individual
reactions belonging to a reaction class. Calibrating a rate rule
means that the rate constants of all reactions using this rule are
optimized. Thus, kinetically similar reactions are treated equally
to ensure model consistency.
2.2. MUM-PCE
The method of uncertainty minimization using polynomial
chaos expansion MUM-PCE by Sheen and Wang [36] is used in
Ref. [38] to optimize model performance and to estimate kinetic
parameter uncertainties. The MUM-PCE approach provides the
possibility to utilize the experimental results and their uncertain-
ties for model calibration and uncertainty quantiﬁcation. The
framework employs the Solution Mapping and the model optimi-
zation method developed originally by Frenklach [34] to calibrate
the normalized pre-exponential factors, third body efﬁciencies,
and enthalpies of formation through the minimization of the devi-
ations between model responses and measurements. For the sub-
sequent uncertainty quantiﬁcation, the kinetic parameters x are
expressed using a polynomial chaos expansion with the parameter
uncertainties a. By propagating the quantiﬁed uncertainties of rateparameters into the model response, model uncertainties can be
minimized. A detailed description of the approach is available in
the Supplementary material and in previous studies [36,38]. In this
work, the Arrhenius pre-exponential factors of rate rules are cho-
sen as the kinetic rate parameters to be calibrated.3. Mechanism development
The kinetic model for PRF mixtures proposed in this study was
adopted from the available published mechanism by Curran et al.
[5], which includes the detailed oxidation chemistry of n-heptane
and iso-octane and has been validated extensively for various
experimental conﬁgurations. The mechanism [5] is composed of
1027 species and 8472 reactions (forward and backward counted
separately). While one kinetic simulation with this mechanism
can be conducted within a reasonable computational time, the
automatic calibration process requires a huge amount of calcula-
tions. Therefore, to reduce the computational effort, the detailed
mechanism was ﬁrst reduced to a skeletal level using a multi-stage
reduction strategy developed by Pepiot-Desjardins and Pitsch [59]
applied similarly to the work of Narayanaswamy et al. [60]. The
directed relation graph method with error propagation (DRGEP)
[59] selects the important reaction pathways based on the produc-
tion rate analysis of species. The lumping of chemical species pre-
sented in Ref. [59] was excluded, as the isomerization of
intermediates was found to be important and thus, the involved
rate coefﬁcients are of particular importance for the model predic-
tions. The targets considered in the reduction included concentra-
tions of different major species at experimental conditions
reported by Fieweger et al. [29], Ciezki and Adomeit [57] as well
as Minetti et al. [58]. This reduction process, and speciﬁcally the
error propagation algorithm, ensure that only those species and
reactions are eliminated, which have a minimal effect on the
chemistry of the reduction targets at the relevant conditions. Igni-
tion delay times are not direct targets in the reduction procedure,
but are inherently preserved by correctly predicting the chemistry
of the target species. The computed results for ignition delay times
using the detailed [5] and the reduced mechanisms are compared
in the Supplementary material. Over the range of interest, the
reduced mechanism is found to produce negligible changes in
results. The maximum deviation is less than 5% and much smaller
than the experimental uncertainties [29,57,58]. The reduction pro-
cedure is performed here to reduce the computational cost using
this mechanism, while keeping the accuracy of the model predic-
tions unchanged.
Similarly to our previous studies [4,38], the PRF model is built
as an additional module that is combined with the well-validated
model of Narayanaswamy et al. [41] for C0–C8 hydrocarbon species
and various substituted aromatic species. The mechanism [41] was
developed without manual tuning of the rate parameters and val-
idated by comparing against available data for many different fuels
to reveal the accuracies and inaccuracies of the model [4,41]. The
inclusion of the reduced mechanism into the base mechanism
[41] was accomplished using an interactive tool [61] that automat-
ically identiﬁes common species and reactions from different
mechanisms. Rate conﬂicts detected during the merging were
always resolved in favor of the rigorously validated base mecha-
nism, therefore leaving that part of the mechanism virtually
unchanged. It should be mentioned here that the mechanism from
Narayanaswamy et al. [41] provides the chemical reactions for n-
heptane and iso-octane oxidation as well. However, only the
lumped high-temperature reactions were included in that mecha-
nism. Therefore, these reactions are entirely replaced here by those
in the reduced mechanism. The combined mechanism consists of
314 chemical species and 2327 elementary reactions (forward
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composed of the detailed reaction pathways of n-heptane and iso-
octane as well as some reactions for small molecules not included
in the mechanism of Narayanaswamy et al. [41]. The original
mechanisms from Curran et al. [5] were established based on the
concept of reaction classes and rate rules. Hence, the mechanism
developed here is using the same principle.
The kinetic model for ethanol oxidation used in this study was
adopted from the well-validated ethanol mechanism of Li et al.
[62]. The ethanol chemistry was integrated into the mechanism
also using the interactive tool from Ref. [61]. A kinetic mechanism
for nitrogen oxides formation was adopted from Lamoureux et al.
[63] and also included in the proposed mechanism for engine
simulation. Overall, 339 chemical species among 2791 reactions
(forward and backward counted separately) are found in the mech-
anism after the incorporation of the ethanol and NOx chemistry.
Compared with similar mechanisms in the literature [5,8,12–
14,21], the present mechanism includes a wide variety of alterna-
tive surrogate components and substituted aromatic species, but
still retains a compact size.
The rate rules for n-heptane and iso-octane were tuned in
Curran et al. [15] and Curran et al. [5], respectively to match the
experimental targets, and the values for the rate rules for these
mechanisms differ from each other. Still, it is desirable to have gen-
eral rate rules to be determined at least for species with the same
functional groups rather than for only one particular fuel. There-
fore, the reaction rates for all reaction classes in the present mech-
anism were updated based on the revised rate rules proposed by
Sarathy et al. [43] for 2-methylalkanes and alkanes. Villano et al.
[64,65] recently investigated the rates of reactions involving butyl
peroxy and hydroperoxy butyl radicals, and suggested these as rate
rules for large hydrocarbon fuels. However, in order to use these
rates as rate rules for n-heptane and iso-octane, adjustment of
other rate rules may be required for consistency. On the other
hand, the rate rules from Ref. [43] have been successfully applied
to construct a variety of chemical models [43–46] and hence
employed in this study. The numerical results of the updated
mechanism are shown in Figs. 1 and 2, with those of the detailed
mechanism [5] and the experimental data from Ciezki and Adomeit
[57], Fieweger et al. [29], as well as Minetti et al. [58]. It can be seen
that this alteration of rate rules slightly improves the prediction of
ignition delay times of n-heptane/air mixtures, while signiﬁcant
prediction improvements can be observed for iso-octane oxidation
at varying initial temperatures, pressures, and equivalence ratios,
especially at low temperatures. This can be attributed to the differ-
ences in the C0–C4 base chemistry [41] and the well-studied rate
rules from Ref. [43]. The reaction pathways of n-heptane and iso-
octane simulated using the detailed mechanism [5] and the devel-
oped mechanism with rate rules from Ref. [43] are presented and
discussed in the Supplementary material for conditions of interest. 0.01
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Fig. 1. Ignition delay times of n-heptane/air mixtures. Symbols denote the experimental
and dashed lines show the results using the detailed model [5].4. Computational details
In this work, the rate rules that show the highest optimization
potential in the range of experimental conditions were chosen as
the uncertain parameters. The optimization potential of a rate rule
[38] is deﬁned as the product of its sensitivity and uncertainty fac-
tor. A similar deﬁnition applied to elementary reactions can be
found in Refs. [66,67]. For each experimental condition considered
in the calibration, a sensitivity analysis of rate rules was carried
out. The sensitivity, combined with uncertainty factors, indicates
the contribution of the uncertainty of a rule to the uncertainty in
the model prediction. A rate rule with a large sensitivity could lead
to a marginal model uncertainty, if the rate uncertainty is small.
In general, two sources of uncertainty can be found for rate
rules. First, uncertainties can come from the numerical or experi-
mental estimation of the rate constants of individual reactions.
Second, uncertainties can also be introduced by taking such esti-
mated rates as rate rule for similar reactions [38]. In this study,
the uncertainty factors of the reaction rate rules were assumed
equal to four, as no literature values were found and large uncer-
tainties are expected [38].
The calibration of the rate rules in the PRF mechanism is per-
formed using the experimental data from Refs. [29,57,58] in this
study. In actual, the calibration shouldbeapplied to the entiremech-
anism, so it should include the base mechanism, and it should be
done with the complete set of experiments (>2000) for all eighteen
fuels forwhich thebasemechanismwasvalidated inRefs. [4,41] into
the calibration process plus the experimental data for the PRF fuels.
This, however is computationally intractable. Furthermore, one can
expect that the basemechanismwould not change in this optimiza-
tion as a result of the constraints imposed by the experimental data
for n-heptane, iso-octane and their mixtures [29,57,58] used in the
present study. The reason is that the basemechanismwould be con-
strained by many more experiments, which are those used in Refs.
[4,41]. Therefore, both the base mechanism [41] and the validation
experiments fromRefs. [4,41]werenot included in theoptimization,
leaving the accuracy of model prediction for C1–C4 species and
substituted aromatic species unchanged. Note that the results for
the PRF cases are found to have very low sensitivity to the reactions
of the ethanol sub-mechanism because of the small amount of eth-
anol in the gasoline/ethanol mixtures. Therefore, these reactions
also do not appear in the optimization.
The numerical calculations in this study were performed using
appropriate reactor modules in the open source FlameMaster code
[68].
5. Mechanism calibration
The chemistry model developed in Section 3 was calibrated
automatically using the methods described in the previous 1.2  1.4  1.6
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Fig. 2. Ignition delay times of iso-octane/air mixtures. Symbols denote the experimental measurements by Fieweger et al. [29]. Solid lines show the numerical results for the
model developed in Section 3 and dashed lines show results using the detailed model [5].
Table 1
Number of uncertain rate rules NRR and elementary reactions NER .
Fuel p [bar] / T [K] NRR NER
PRF 60 40 1.0 831 18 37
n-Heptane 42 1.0 813 14 17
n-Heptane 42 1.0 869 16 25
iso-Octane 40 1.0 797 17 25
iso-Octane 40 1.0 841 19 29
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sitive to the reactions involving small molecules as reported in
numerous studies [69,70]. Therefore, we focus on the ignition of
PRF mixtures in the calibration process, for which the fuel speciﬁc
pathways are dominant.
Two different calibrations each considering a different experi-
mental data set, were conducted in this study to the unoptimized
mechanism. An optimized mechanism ModelF was generated in
the calibration with the experimental data of n-heptane [57,58],
iso-octane [29], and PRF/air mixtures [29]. This calibration process
utilized the complete available experimental data set to fully con-
strain the uncertainties of rate rules and further to minimize the
model prediction uncertainty. A second version of a calibrated
mechanism was derived by only using the experimental data for
the PRF/air mixtures [29] in the calibration procedure and not
the data for the pure components. This model is called optimized
Modelp. The comparison of the results and uncertainties of both
calibrated models provides some information in how far all infor-
mation about high, intermediate, and low temperature auto-igni-
tion of neat n-heptane and iso-octane is included in the data for
the mixtures.5.1. Computational advantage
In this section, the computational advantages obtained by using
optimization of rate rules rather than individual reactions are high-
lighted. The method reduces the number of active parameters by
categorizing chemically similar reactions into one class, which is
mandatory to save the calibration effort [38]. Further computa-
tional advantage is expected when applying this method to cali-
brate the multi-component mechanism, as in contrast to the
number of reactions, the number of rate rules does not increase
with the number of fuels included in the mechanism.
Fieweger et al. [29] reported auto-ignition delay times of homo-
geneous PRF mixtures with octane numbers (ON) of 60, 80, and 90,
where the octane number is deﬁned as the percentage of iso-
octane by liquid volume in an n-heptane/iso-octane mixture.
Hence, ON = 0 corresponds to pure n-heptane and ON = 100 corre-
sponds to pure iso-octane. Ignition delay times were measured for
stoichiometric mixtures and at pressures of 13.5 and 40 bar. These
data were considered in the calibration processes.
Sensitivity analyses were performed to identify the important
reaction rate rules for the calibration process. Rate rules that show
high sensitivity (>2%) at the experimental conditions were selected
for the optimization. As summarized in Table 1, 18 rate rules were
chosen for calibration for the ignition delay time of a stoichiome-
tric PRF 60 (ON = 60) mixture measured at a pressure of 40 bar
and an initial temperature of 831 K, at which both the chainbranching and chain breaking channels of fuel radicals play an
important role. Additionally, the sensitivity analyses for n-heptane
and iso-octane auto-ignition were carried out for conditions at
which measurements were reported. To compare the method of
optimizing rate rules to the traditional calibration of elementary
reactions, sensitivity analyses were performed also with respect
to elementary reactions for these cases. A threshold of 2% was also
employed in these analyses to select the important reactions.
It is clearly shown in Table 1 that the numbers of sensitive rate
rules that need to be considered in the calibration are similar for all
cases. For these cases, the chosen rate rules are mainly identical,
and include the primary and secondary H-abstraction by OH and
HO2 radicals, the fuel radical decomposition, the isomerization of
alkyl peroxy radicals to form hydroperoxides through a secondary
H-atom transition involving 5-, 6-, and 7-membered rings, the
decomposition of hydroperoxides to yield cyclic ethers as well as
the decomposition of peroxy alkylhydroperoxide radicals and keto-
hydroperoxides. For iso-octane and PRF mixtures oxidation, the
abstraction of ternary H atom is also of great importance. These
reaction classes are generally the rate-controlling reaction steps
in aliphatic hydrocarbon oxidation.
On the contrary, the number of uncertain objects increases sig-
niﬁcantly, when elementary reactions are subjected to calibration.
While 17 and 25 chemical reactions are important for n-heptane
model calibration at the considered conditions, 25 and 29 reactions
are found to be important for the ignition delay times of iso-octane
in sensitivity analyses, as the non-symmetric branched alkanes
have more complex reaction pathways than the symmetric normal
alkanes [5]. Furthermore, the ignition of n-heptane and iso-octane
at very low temperatures requires calibration with a smaller num-
ber of uncertain parameters due to the increased ratio of chain
branching to chain breaking pathways. With a decrease in temper-
ature, decomposition channel of the fuel radical is inhibited, and
only the low temperature oxidation channel is active. For PRF 60
mixture, the kinetics of n-heptane and iso-octane both are of par-
ticular importance. Therefore, the sensitivity analysis selects more
elementary reactions for calibration.
Regarding the reduced number of active parameters, the opti-
mization methodology based on rate rules enables a calibration
1628 L. Cai, H. Pitsch / Combustion and Flame 162 (2015) 1623–1637process with improved computational cost by categorizing the
chemically similar and sensitive reactions into one class. This ben-
eﬁt is further advanced in this study for the case of calibrating the
multi-component mechanism. For the PRF mixtures, both n-hep-
tane and iso-octane kinetics are important, and thus an increased
number of sensitive reactions should be considered in the conven-
tional calibration based on elementary reactions. However, this is
not the case for rate rules. Even though a variety of elementary
reactions are important here for PRF mixture combustion, the oxi-
dation chemistry of normal and branched alkanes consists essen-
tially of identical reaction steps at similar experimental
conditions. Therefore, the number of uncertain rate rules remains
unchanged, when the oxidation of binary fuel blends is investi-
gated instead of neat fuel ignition.
5.2. Calibration and uncertainty quantiﬁcation
As mentioned earlier, two calibrations were performed in this
study in order to assess the improvement gained with the full
experimental data set. While only the PRF mixture data [29] were
considered in the partially constrained calibration, the fully con-
strained calibration included in addition experimental ignition
delay times of n-heptane [57,58] and iso-octane [29]. Overall, 24
and 93 experiments were considered in the partially and fully con-
strained optimization processes, respectively. The measurments
span a wide range of experimental conditions. Filtering of experi-
ments [36] was not performed in this work. All measurements
were regarded as equally important. Uncertainty estimates of igni-
tion delays were lacking in these studies [29,57,58]. Instead, a
pressure uncertainty of ±2 bar was reported in Ref. [57] for
auto-ignition at 40 bar, which corresponded to a 2r deviation of
approximately 10% in ignition delays. This value was hense used
in the calibration. The MUMPCE framework calibrates the pre-
exponential factors through the minimization of the deviations
between model responses and measurements. By propagating the
quantiﬁed uncertainties of rate parameters into the model
response, model uncertainties can be minimized.
The numerical results of ignition delay times with the predicted
uncertainties obtained using the optimized mechanisms are com-
pared with experiments in Fig. 3. The ﬁgure shows that the model
uncertainties are efﬁciently minimized through the automatic cal-
ibration. While the unoptimized model shows large model uncer-
tainties and fails to predict the experiments very accurately, the
optimized models give satisfactory results under all conditions
with a reasonable prediction uncertainty. The nominal predictions
for ignition delay times using the unoptimized and optimized
models are shown in the Supplementary material. Interestingly,
both optimized models give almost identical results. In comparison
with the partially constrained calibration process, more experi-
mental data were considered in the calibration process with the
full data set. Even though this extension of the data set does not
further improve the accuracy of nominal model prediction, the
increased number of experimental constraints leads to a further
uncertainty minimization of the ModelF as seen in Fig. 3. In addi-
tion, the ModelF gives better agreement with experimental data
for n-heptane and iso-octane ignition, as these data have been
included in its calibration. Therefore, ModelF is the basis for the
discussions in the remainder of the article.
The slight deviations at low temperatures for PRF 60 oxidation
appear as outliers here and indicate the possibility of experimental
uncertainties larger than those reported [29]. Note that the predic-
tion uncertainties of the unoptimized mechanism at high temper-
atures are comparably smaller than those in the low and
intermediate temperature regime. Since less reactions are found
to be sensitive at high temperatures, a small number of rate uncer-
tainties contributes to the overall model error.5.3. Model performance of single component
The experimental ignition delays of n-heptane [57,58] and iso-
octane [29] were also included in the calibration procedure to
improve the model precision. The data sets include n-heptane igni-
tion at 3, 13.5, and 42 bar as well as iso-octane ignition at 13 and
40 bar with equivalence ratios of 0.5, 1.0, and 2.0.
Figs. 4 and 5 depict the computed results using the unoptimized
and the calibrated mechanisms compared with the experimental
observations [29,57,58]. The calibration process results in a signif-
icant improvement of the prediction accuracy. For the case of n-
heptane auto-ignition, the optimized ModelF shows a prediction
advantage over the unoptimized model for a wide range of temper-
atures, pressures, and equivalence ratios, especially in the high
temperature regime. These prediction improvements at high tem-
peratures are mainly due to an increased value for the rate rule of
H abstraction from secondary carbon sites of fuel by HO2 radicals.
For iso-octane, while the deviations between experiments and
measurements at low to intermediate temperatures are well min-
imized, the excellent agreement in the high temperature range
remains unchanged after calibration. The optimized model accu-
rately predicts the ignition delay times with an average deviation
smaller than 5% and correctly reﬂects the inﬂuence of pressure
and equivalence ratio on the ignition propensity. A comparison
between the detailed mechanism from Curran et al. [5] and the
optimized mechanism is shown in the Supplementary material.
Over the entire range numerically investigated, the optimized
model reproduces ignition delay times with a higher prediction
precision. The automatic calibration framework [38] demonstrates
the capability to improve the model accuracy of the multi-compo-
nent mechanism by calibrating the common rate rules incorpo-
rated in n-heptane and iso-octane chemistry. The optimized PRF
model will be further validated in the following sections.
5.4. Rate rules
47 rate rules have been considered in the optimization process.
Detailed information about the optimized rate parameters and
their uncertainties are shown in Table 2. The calibrated reaction
classes contain the fuel decomposition (C1), the H-abstraction
from fuel to form alkyl radicals R (C2), the decomposition (C3),
the isomerization (C4), and the oxidation (C11) of fuel radicals,
the alkyl peroxy radical RO2 isomerization (C15), the oxidation of
hydroperoxides QOOH (C26), the isomerization of peroxy hydro-
peroxides O2QOOH (C27), and the decomposition of carbonylhydr-
operoxides (C28). These classes represent the main consumption
channels of fuel in different temperature regimes. The reaction
classes 12–14 of alkyl radicals proceed through a chemically acti-
vated ROOR0 adduct to yield RO, where R0 is H, CH3, or alkyl radi-
cals. These steps compete with the fuel radical oxidation at low
temperatures and the fuel radical decomposition at high tempera-
tures, respectively. While the 13th reaction class produces an OH
radical and completes a chain propagation, classes 12 and 14 result
in a chain termination and prolong the ignition process. In a similar
way, the alternative consumption channels of RO2 (C20) and QOOH
(C23) as well as the reactions of cyclic ethers with OH radicals
(C29) enhance ignition delays. All these rate-controlling steps have
been considered in the automatic calibration.
As shown in Table 2, the rate constants of a few rate rules
remain near their mean values, while the rates of several rules
approach their uncertainty limits, which indicates the minor conﬁ-
dence of their prior estimates. Curran et al. [5,15] prescribed the
rate constant for the decomposition of hydroperoxides to form cyc-
lic ethers and OH radicals (C23), following the recommendation of
Pollard [71], in which the activation energy depends on the ring
size of the formed cyclic ethers. These studies [5,15] considered
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L. Cai, H. Pitsch / Combustion and Flame 162 (2015) 1623–1637 1629four ring sizes of cyclic ethers and thus proposed four rate rules for
this class. The pre-exponential factors of rate rules were reduced
by factors of 12 and 8 for n-heptane and iso-octane, respectively.
The rates for iso-octane were further adopted by Sarathy et al.
[43] for 2-methylalkanes and taken as prior rate rules in this study.In the calibration process, the rate rules for cyclic ethers with
4- and 5-membered rings are identiﬁed as important by the
sensitivity analyses and therefore automatically calibrated. While
marginal alteration is suggested by the calibration framework to
the pre-exponential factor for the formation of cyclic ethers with
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Fig. 5. Ignition delay times of iso-octane/air mixtures. Symbols denote the experimental measurements by Fieweger et al. [29]. Solid lines show the numerical results with
the present optimized model and dashed lines show the results for the unoptimized model.
Table 2
Calibrated rate rules. x⁄ and r denote the calibrated normalized rate parameters and their standard deviations, respectively.
Class Rule x r
C1 Fuel decomposition? CH3 and alkyl radical 0.7749 0.3357
C1 Fuel decomposition? alkyl radicals 0.8514 0.2336
C2 H-atom abstraction from the fuel by O2 (primary carbon sites) 1.0000 0.3511
C2 H-atom abstraction from the fuel by O2 (secondary carbon sites) 1.0000 0.1380
C2 H-atom abstraction from the fuel by O2 (ternary carbon sites) 0.3707 0.4702
C2 H-atom abstraction from the fuel by H (primary carbon sites) 1.0000 0.3626
C2 H-atom abstraction from the fuel by H (secondary carbon sites) 0.8838 0.1137
C2 H-atom abstraction from the fuel by H (ternary carbon sites) 0.3435 0.1572
C2 H-atom abstraction from the fuel by CH3O2 (primary carbon sites) 1.0000 0.2131
C2 H-atom abstraction from the fuel by CH3O2 (secondary carbon sites) 0.3721 0.1608
C2 H-atom abstraction from the fuel by CH3O2 (ternary carbon sites) 1.0000 0.1684
C2 H-atom abstraction from the fuel by HO2 (primary carbon sites) 1.0000 0.1220
C2 H-atom abstraction from the fuel by HO2 (secondary carbon sites) 0.9911 0.0297
C2 H-atom abstraction from the fuel by HO2 (ternary carbon sites) 1.0000 0.2199
C2 H-atom abstraction from the fuel by CH3 (secondary carbon sites) 0.3989 0.3142
C2 H-atom abstraction from the fuel by CH3 (ternary carbon sites) 0.2369 0.4999
C2 H-atom abstraction from the fuel by OH (primary carbon sites) 1.0000 0.0427
C2 H-atom abstraction from the fuel by OH (secondary carbon sites) 0.2604 0.0387
C2 H-atom abstraction from the fuel by OH (ternary carbon sites) 0.8741 0.0908
C2 H-atom abstraction from the fuel by O2CHO (primary carbon sites) 1.0000 0.4889
C2 H-atom abstraction from the fuel by O2CHO (ternary carbon sites) 0.1813 0.4999
C3 Alkyl radical (R) decomposition? alkyl radical and alkene 0.4954 0.0461
C3 Alkyl radical (R) decomposition? CH3 and alkyl radicals 0.6082 0.0973
C3 Alkyl radical (R) decomposition? H and alkene 1.0000 0.3320
C4 Alkyl radical (R) isomerization (5 member ring, secondary to primary carbon sites) 0.4653 0.4933
C4 Alkyl radical (R) isomerization (5 member ring, ternary to primary carbon sites) 0.0458 0.5000
C4 Alkyl radical (R) isomerization (6 member ring, primary to primary carbon sites) 0.0699 0.3259
C4 Alkyl radical (R) isomerization (7 member ring, secondary to primary carbon sites) 0.6897 0.4593
C11 Addition of O2 to alkyl radicals (R) (primary carbon sites) 1.0000 0.2171
C11 Addition of O2 to alkyl radicals (R) (secondary carbon sites) 1.0000 0.1807
C12 R + ROO = RO + RO 1.0000 0.1347
C13 R + HO2=RO + OH 0.3845 0.4441
C14 R + CH3O2=RO + CH3O 0.5447 0.2251
C15 Alkyl peroxy radical isomerization (5 member ring, secondary carbon sites) 1.0000 0.0942
C15 Alkyl peroxy radical isomerization (6 member ring, primary carbon sites) 1.0000 0.1207
C15 Alkyl peroxy radical isomerization (6 member ring, secondary carbon sites) 0.0640 0.0416
C15 Alkyl peroxy radical isomerization (7 member ring, primary carbon sites) 0.1930 0.4375
C15 Alkyl peroxy radical isomerization (7 member ring, secondary carbon sites) 1.0000 0.1227
C20 ROO + ROO = RO + RO + O2 1.0000 0.1221
C23 QOOH = cyclic ether + OH (4 member ring) 1.0000 0.1189
C23 QOOH = cyclic ether + OH (5 member ring) 0.0563 0.3189
C26 Addition of O2 to QOOH 1.0000 0.1291
C27 Isomerization of O2QOOH (6 member ring, primary carbon sites) 0.7833 0.0799
C27 Isomerization of O2QOOH (6 member ring, secondary carbon sites) 1.0000 0.0752
C27 Isomerization of O2QOOH (7 member ring, secondary carbon sites) 0.4706 0.3290
C28 Decomposition of carbonylhydroperoxide 0.0121 0.0791
C29 Cyclic ether reactions with OH 0.5501 0.4830
1630 L. Cai, H. Pitsch / Combustion and Flame 162 (2015) 1623–16375-membered rings, the rate to yield 4-membered ring ethers is
decreased by a factor of four. More importantly, common rate rules
are determined by the calibration process and proven to work well
for both n-heptane and iso-octane oxidation. Similar observations
can be found for several reaction classes, e.g. classes 2 and 15.While different rate rules were prescribed for the same reaction
class of n-heptane and iso-octane in the literature [5,15], common
rate rules, which have been optimized automatically in the calibra-
tion process, demonstrate the capability to improve model
performance.
L. Cai, H. Pitsch / Combustion and Flame 162 (2015) 1623–1637 1631In general, numerical and experimental studies are conducted
on the rate parameters of elementary reactions. These well-esti-
mated reaction constants with uncertainty factors of 3  5
[72,73] are taken as rate constants for similar reactions and thus
as rate rules. In this study, the optimization methodology cali-
brates rate rules automatically. The model with the calibrated
common rate rules appears satisfactory for various data sets of nor-
mal heptane and branched octane. This provides a novel possibility
to determine accurate and coupled general rate rules for the model
construction of hydrocarbon fuels. More common rate rules for
alkane fuels can be determined by including a large number of nor-
mal and branched alkanes in one calibration process.
Nowadays, two sources of chemical inconsistency can be found
in the hierarchical model construction method [5,15,74]. First, as
discussed in our previous study [38], inconsistency can come from
the modiﬁcation of rates of individual elementary reactions, for
which the same rate rules are used. It can also be introduced by
using different rate rules for identical reaction classes of similar
fuels, as is the case for the n-heptane and iso-octane mechanisms
[5,15]. In this study, both kinds of inconsistency are removed in
chemical mechanisms.6. Validation of PRF mixtures
6.1. Laminar ﬂame speeds
As mentioned earlier, burning velocities were not included in
the calibration process, as their prediction is strongly inﬂuenced
by the reactions involving small molecules. Nevertheless, they
are still of great interest in engine research, especially for spark-
ignition engines. Therefore, the model performance for ﬂame
speeds of PRF mixtures is evaluated in this section. The optimized
PRF mechanism is validated against laminar burning velocities
measured at various initial conditions.
The laminar ﬂame speeds of PRF 90 (ON = 90) were measured
by Huang et al. [31] at an initial temperature of 298 K and ambient
pressure. At the similar pressure, Bradley et al. [32] reported exper-
imental data at a higher initial temperature of 358 K. As shown in
Fig. 6, the mechanism performs well in these premixed ﬂame envi-
ronments. Particularly interesting is the fact that the computed
results with the optimized mechanism are in very good agreement
with the experimental data, even though these experimental burn-
ing velocities are not considered in the calibration. The reason lies
in the rigorously validated base mechanism from Ref. [41]. This
again provides justiﬁcation for the exemption of the base chemis-
try from the calibration processes. 10
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Fig. 6. Burning velocities of PRF/air mixtures. Symbols denote the experimental
measurements by Huang et al. [31] at 1 atm and 298 K as well as Bradley et al. [32]
at 1 bar and 358 K. Solid lines show the numerical results for the present model.PRF 87 and standard gasoline with an octane number of 90 were
investigated by Jezembeck et al. [6] at a mixture temperature of
373 K and at engine relevant high pressures. The numerical results
using the present mechanism are compared with the experimental
data in Fig. 7. It is observed that the burning velocities of PRF 87/air
mixtures and for gasoline/air mixtures are well predicted by the
optimized model at all conditions. The underprediction of burning
velocities at rich conditions at high pressures can be found also in
previous studies [6,75] and might be attributed to larger experi-
mental uncertainties, for instance, due to the possible occurrence
of ﬂame instabilities and the development of wrinkles for rich
mixtures in the experiments as reported by Jezembeck et al. [6].
These issues make the ﬂame analysis difﬁcult, leading to large
experimental uncertainties. In addition, the reason could also
be the pressure-dependence of several elementary reactions in
the H2/O2 chemistry [76] as discussed in Ref. [75].6.2. Jet stirred reactor data
Dagaut et al. [33] studied experimentally the oxidation of n-
heptane and iso-octane mixtures in a high-pressure jet-stirred
reactor for a wide range of conditions covering low and high tem-
peratures. The error in the carbon balance for the experiments was
reported to be within less than 10%. The numerical results for spe-
cies proﬁles are shown in Fig. 8 together with the experiments for
the stoichiometric PRF 90 mixtures at 10 atm and with a residence
time of 1s. Cool ﬂame and NTC regime are observed below 750 K in
both simulation and experiment. Again, the present model predicts
the kinetic targets quite well, and the deviations between model
and experiment shown in Fig. 8 are within the experimental uncer-
tainties reported in Ref. [33].7. Validation of ternary mixtures
Ternary mixtures of n-heptane, iso-octane, and toluene are
often used as gasoline surrogate [7,11,77]. Numerous studies have
demonstrated the successful application of this ternary surrogate
model in CFD calculations of gasoline engines [27,28]. The present
model is developed as a module within the well-validated model of
Narayanaswamy et al. [41] for oxidation of substituted aromatic
species, which includes a detailed validation also for toluene. This
allows the consistent formulation of a PRF/toluene surrogate using
the present mechanism. In this section, the mechanism perfor-
mance for combustion of the ternary mixtures in various experi-
mental conﬁgurations is explored, which also beneﬁts the
assessment of the calibrated rate rules in the PRF mechanism.7.1. Ignition delay times
For the validation of the present mechanism for ternary mixture
oxidation, the shock tube data by Gauthier et al. [7] are used ﬁrst.
These data have been reported for two ternary mixtures, referred
to as Surrogate A (n-heptane/iso-octane/toluene – 17%/56%/28%
by mole fraction) and B (17%/63%/20%). For both surrogates, an
average octane number of 87 is reported. The average octane num-
ber is determined by the average of the research octane number
(RON) and the motor octane number (MON). The ignition delay
times of stoichiometric ternary surrogates/air mixtures at pres-
sures of 20 and 55 atm are shown in Figs. 9 and 10. In addition,
the ‘‘customer average’’ regular-grade reformulated gasoline
RD387 with an average octane number of 87 has been also exper-
imentally investigated in Ref. [7]. It can be observed in Figs. 9 and
10 that the proposed model predicts the experimental data fairly
well at the higher pressure of 55 atm, while the experimental
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Fig. 7. Burning velocities of PRF/air and gasoline/air mixtures at a temperature of 373 K and pressures of 10, 15, 20, and 25 bar. Symbols denote the experimental
measurements by Jezembeck et al. [6]. Solid lines show the numerical results for the present model.
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Fig. 9. Ignition delay times for surrogate mixtures and gasoline oxidation at 20 atm
and / ¼ 1:0. Symbols denote the experimental measurements by Gauthier et al. [7].
Lines show the numerical results for the present model.
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20 atm.
Numerical and experimental ignition delay times of Surrogate A
at 20 atm and with EGR rates of 20% and 30% from Gauthier et al.
[7] are shown in Fig. 11. As reported in Ref. [7], the EGR rate is
deﬁned as the mole fraction of the exhaust gas in the fuel/air/
exhaust gas mixtures, where distilled water was used as the
exhaust gas. For both EGR rates, the optimized model demon-
strates the capability to predict the validation targets satisfactorily.
The ignition delay times of Surrogate A have also been experi-
mentally investigated by Kukkadapu et al. [10] at intermediate to
low temperatures in a rapid compression machine. These experi-
mental data are compared with the present model in Fig. 12. Forboth relevant pressures, the model developed in this study again
gives satisfactory results for a variety of initial temperatures. Note
that the ignition delay times computed with the present chemical
mechanism in a homogeneous adiabatic isochoric reactor are
slightly shorter than those reported in Ref. [10] at several temper-
atures. As heat loss effects are observed in the rapid compression
machine, the measured ignition delay times are larger than their
actual values, especially in the low temperature range, where
induction times are long. The heat loss effects can be taken into
account for simulations when the pressure proﬁles of non-reactive
mixtures at these experimental conditions become available [10].
Auto-ignition of toluene-doped n-heptane/air and iso-octane/
air mixtures has been experimentally investigated in a high
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Fig. 10. Ignition delay times for surrogate mixtures and gasoline oxidation at
55 atm and / ¼ 1:0. Symbols denote the experimental measurements by Gauthier
et al. [7]. Lines show the numerical results for the present model.
L. Cai, H. Pitsch / Combustion and Flame 162 (2015) 1623–1637 1633pressure shock tube by Hartmann et al. [30]. Experimental ignition
delay times of lean and stoichiometric n-heptane/toluene mixtures
with the blending ratios by liquid volume of 90/10 and 60/40 as
well as iso-octane/toluene mixture with a mixing ratio of 90/10
have been reported at a pressure of 40 bar. Data are shown in
Fig. 13 compared with the numerical results. Excellent agreement
between simulations and experiments is again observed. 10
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ig
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Surrogate A, φ = 1.07.2. Flow reactor data
In addition, the ﬂow reactor data by Chaos et al. [8] are used in
this study to validate the present mechanism for ternary mixture
oxidation. The proﬁles of stable species shown in Fig. 14 were mea-
sured in a variable pressure ﬂow reactor for a stoichiometric ternary
mixture (n-heptane/iso-octane/toluene – 18.23%/66.42%/15.35%
by liquid volume) at 12.5 atm with a residence time of 1.8 s and
740 ppm initial fuel fraction. While the model slightly underpre-
dicts the oxygen mole fraction at low temperatures, it predicts
species concentrations at higher temperatures quite accurately. 0.01
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Fig. 12. Ignition delay times for surrogate A oxidation at 20 atm and / ¼ 1:0.
Symbols denote the experimental measurements by Kukkadapu et al. [10]. Solid
lines show the numerical results for the present model.7.3. Laminar ﬂame speeds
The adiabatic ﬂame speeds of a commercial gasoline TAE7000
with a research octane number of 95.6 have been measured at
atmospheric pressure and a temperature of 358 K by Dirrenberger
et al. [23]. To represent the commercial TAE 7000, an n-heptane/
iso-octane/toluene blend with the liquid volume fraction of
13.7%/42.9%/43.4% has been proposed as the surrogate mixture, 0.01
 0.1
 1
 10
 0.8  1
τ i
g 
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Fig. 11. Ignition delay times for surrogate A oxidation at 20 atm and / ¼ 1:0 with EGR r
et al. [7]. Solid lines show the numerical results for the present model.and its laminar burning velocities have also been experimentally
investigated at the same condition [23].
These experimental data are presented in Fig. 15 with the com-
puted ﬂame speeds of the surrogate mixture. It can be seen that the
measured results of the surrogate mixture agree well with those
measured for TAE7000. The numerical ﬂame speeds are in excel-
lent agreement with the experimental determined velocities. Over-
all, the model proposed in this study is found to predict the
combustion of ternary mixtures with a very good accuracy.8. Gasoline/ethanol combustion
Ethanol is often used as an additive to gasoline. An ethanol
addition up to 15% can be applied in conventional compression-
ignition engines without the need for extensive engine modiﬁca-
tions. Its higher octane number and oxygenated molecular struc-
ture could result in improved fuel efﬁciency and reduced
pollutant emissions from engines. An ethanol sub-model is incor-
porated into the proposed mechanism, and its validation is given
in this section. For the sake of brevity, the ignition delay times
and the adiabatic burning velocities of ethanol are considered in
the Supplementary material. The model is validated here against
the data of ethanol-blended fuels.
Fikri et al. [24] and Cancino et al. [21] have experimentally
determined the ignition delay times of n-heptane/iso-octane/etha-
nol and n-heptane/iso-octane/toluene/ethanol blends, respectively.
These results are shown in Figs. 16 and 17, along with the detailed
information about the mixture compositions by liquid volume and
the studied conditions. As shown in Fig. 16, the model gives satis- 0.01
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(b) 30% EGR
atios of 20% and 30%. Symbols denote the experimental measurements by Gauthier
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Fig. 13. Ignition delay times of toluene-doped n-heptane and iso-octane/air mixtures at 40 bar. Open and solid symbols denote the experimental measurements [30] of
mixtures with blending ratios of 90/10 and 60/40, respectively. Lines show the numerical results for the present model.
 0
 0.004
 0.008
 0.012
 500  700  900
X i
 
[-]
T [K]
Ternary mixture, p = 12.5 atm
φ = 1.0, τ = 1.8 s, 740 ppm fuel
O2
H2O
CO2
CO
Fig. 14. Stable species proﬁles of stoichiometric ternary mixture (18.23% n-
heptane, 66.42% iso-octane, 15.35% toluene)/air combustion at 12.5 atm with a
residence time of 1.8 s and 740 ppm initial fuel fraction. Symbols denote the
experimental measurements by Chaos et al. [8]. Solid lines show the numerical
results for the present model.
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Fig. 15. Burning velocities of TAE7000/air and surrogate (13.7% n-heptane, 42.9%
iso-octane, 43.4% toluene)/air mixtures. Symbols denote the experimental mea-
surements by Dirrenberger et al. [23] at 1 atm and 358 K. Solid lines show the
numerical results for the present model.
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Fig. 16. Ignition delay times for the stoichiometric n-heptane/iso-octane/ethanol
mixture oxiation at 10, 30, and 50 bar. Symbols denote the experimental measure-
ments by Fikri et al. [24]. Solid lines show the numerical results for the present
model.
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Fig. 17. Ignition delay times for the stoichiometric n-heptane/iso-octane/toluene/
ethanol mixture oxidation at 30 and 50 bar. Symbols denote the experimental
measurements by Cancino et al. [21]. Solid lines show the numerical results for the
present model.
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ering the entire range of initial temperatures for pressures of 30
and 50 bar. For the quaternary mixtures, ignition delay times are
slightly overestimated in the low temperature range at 30 bar,
while the agreement between measurements and simulations
remains favorable at higher pressure.
Laminar ﬂame speeds have been reported by Dirrenberger et al.
[23] for mixtures of 15 vol% ethanol with the commercial gasolineTAE7000 and its surrogate. These data have been experimentally
investigated at 1 atm and 358 K, and a blend of n-heptane/iso-
octane/toluene (18.23%/66.42%/15.35% by liquid volume) has been
employed as the surrogate for TAE7000. The numerical results
using the present model are compared with the experimental mea-
surements in Fig. 18. Over the entire domain of equivalence ratios,
excellent agreement can be observed between experiments and
calculations.
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Different surrogates have been suggested for petroleum fuels
with a trend to a representation of real fuels with increasing num-
bers of chemical species [80]. These species can well represent var-
ious groups of chemical species in gasoline, e.g. normal and
branched alkanes, oleﬁns, as well as aromatics. Their mixtures
are supposed to emulate gasoline combustion behavior accurately
over a range of interest. However, concerning the computational
effort in CFD calculations, surrogate models with a small number
of chemical species become more attractive. While reduction tech-
niques can be applied to reduce mechanism sizes, the magnitudes
of mechanisms remain large, if reaction kinetics of several surro-
gate components have to be included in the model. In this section,
it will be explored whether and how much the number of fuel
components in the surrogate model effects the global combustion
properties, e.g. ignition delay times. For this purpose, four surro-
gate mixtures are assessed here. The ﬁrst is neat iso-octane as a
single-component surrogate model. Next, the PRF 87 mixture and
the Surrogate A (with an average octane number of 87) proposed
by Gauthier et al. [7] are considered as two- and three-component
surrogates. The properties and the compositions of these surrogate
mixtures are summarized in Table 3 with those of gasoline RD387.
It can be seen in Table 3 that the averaged octane numbers of
PRF 87 and Surrogate A match the one of RD387, while disagree-
ments of RON and MON are observed. In recent studies
[28,78,79], the octane index (OI) has been employed to describe
the gasoline quality with emphasis on the anti-knock behavior.
The OI is deﬁned as
OI ¼ ð1 KÞ  RONþ K MON;
where K is a constant depending on the engine design and the oper-
ating condition. Compared with the conventional RON and MON,
the octane index takes the engine design and condition into account
and correlates well with anti-knock quality [78]. In order to match
the OI of gasoline regardless of the engine design, surrogate mix-
tures are required to reproduce both MON and RON of gasoline
accurately. Also Morgan et al. [27] have emphasized the necessity
of surrogate models to match not only the RON, but also the MON
of gasoline. Here, a new ternary surrogate mixture for RD387 is pro-
posed to match both RON and MON and consequently also the
octane index.
The RON and MON of the surrogate mixture are determined
using the modiﬁed second order linear-by-volume model by
Morgan et al. [27] for arbitrary mixtures of n-heptane, iso-octane,
and toluene. A global optimization of the mixture composition is 10
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Fig. 18. Burning velocities of TAE7000/air and surrogate (13.7% n-heptane, 42.9%
iso-octane, 43.4% toluene)/air mixtures with an addition of 15% of ethanol. Symbols
denote the experimental measurements by Dirrenberger et al. [23] at 1 atm and
358 K. Solid lines show the numerical results for the present model.performed by considering RON, MON, and H/C ratio as targets.
The optimization results are summarized in Table 3.
Particularly interesting is the direct determination of the surro-
gate composition for a set of gasoline properties, e.g. RON, MON,
and H/C ratio. Morgan et al. [27] inverted their second order model
to numerically solve this problem for given RON and MON. For a
further simpliﬁcation, a model is developed here to enable the ana-
lytical calculation of fuel composition for speciﬁed properties.Toluene ½vol% ¼ 1:9528 RONþ 1:2987MON 5:3703
HC 0:0101 RONMON 0:9047
 RONHC 0:1244MONHC ð1Þn-Heptane ½vol% ¼ 0:3592 RONþ 1:9130MON
þ 37:8896HC 0:0097 RON
MONþ 0:2760 RONHC 0:9815
MONHC ð2Þiso-Octane ½vol% ¼ 1 ðTolueneþ n-HeptaneÞ ½vol% ð3ÞIn comparison to the model of Morgan et al. [27], H/C ratio is also
considered in this response surface model, in addition to RON and
MON. The model coefﬁcients are ﬁtted against the data of ternary
mixtures reported in the literature [27,81–86] using the least-
squares method. Based on RON, MON and H/C ratio of the optimized
surrogate fuel in this study, the surrogate composition calculated
with Eqs. (1)–(3) is in good agreement with the composition of
the optimized surrogate summarized in Table 3. Note that the mix-
ture composition is slightly changed by directly inserting RON,
MON and H/C ratio of RD387 into Eqs. (1)–(3). This can be attrib-
uted to that the response surface model is ﬁtted to the data of ter-
nary mixtures instead of gasoline fuels.
Fig. 19 depicts the ignition delay times computed using the four
surrogate models in comparison with measured data for gasoline
RD387 by Gauthier et al. [7] and by Kukkadapu et al. [9]. The exper-
imental results by Kukkadapu et al. [10] for Surrogate A are also
shown in Fig. 19. Except the single-component model, the three
multi-component surrogates predict the ignition delay times with
a very similar accuracy. Identical numerical results are observed at
low to intermediate temperatures. The increased toluene portion
in surrogate mixtures decelerates the ignition of ternary mixtures
slightly in the high temperature range. Pronounced differences are
revealed between iso-octane and the multi-component surrogates
at intermediate temperatures. Note again that the ignition delay
times computed with the present chemical mechanism are slightly
shorter than those reported in the rapid compression machine
[9,10] at several temperatures, as the heat loss effect in combus-
tion chamber enlarges the experimentally determined ignition
delay time.
Overall, the addition of toluene into the PRF surrogate model is
found to produce negligible changes in the numerical ignition
delays, while the application of iso-octane as gasoline surrogate
is questionable. It should be mentioned here that the choice of
the surrogate components and their number is also highly sensitive
to their application in CFD calculations and the engine design. Even
though the three multi-component surrogate mixtures have iden-
tical average octane numbers, the surrogate mixture proposed in
this study shows the advantage of also matching the octane index.
This indicates a successful application of the surrogate model in
CFD calculations as demonstrated for instance in Ref. [27].
Table 3
Properties and compositions of surrogate mixtures.
Property RD387 [7,9] iso-Octane PRF 87 Surrogate A This study
RON 91 100 87 88.8 90.5
MON 83 100 87 84.8 83.4
Average ON 87 100 87 86.8 86.95
H/C ratio 1.86 2.25 2.26 1.97 1.75
n-Heptane [vol%] 0 13 17 19.4
iso-Octane [vol%] 100 87 63 42.2
Toluene [vol%] 20 38.3
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Fig. 19. Ignition delay times for stoichiometric gasoline and different surrogate
mixtures at 40 bar. Black, blue, and red symbols denote the experimental
measurements by Gauthier et al. [7] and Kukkadapu et al. [9] for gasoline RD387
as well as Kukkadapu et al. [10] for Surrogate A, respectively. Solid lines show the
numerical results with various surrogate models. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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In this study, an optimized chemical mechanism for combustion
of gasoline surrogates was developed. The n-heptane and iso-
octane sub-mechanisms were calibrated automatically considering
ignition delay times of n-heptane, iso-octane, and their mixtures.
The entire mechanism was validated extensively against ignition
delay times, burning velocities, and jet stirred reactor and ﬂow
reactor data of pure fuels, binary, ternary, and quaternary mixtures
of n-heptane, iso-octane, toluene, and ethanol for a large range of
relevant conditions. Very good agreement was observed between
experimental measurements and numerical calculations. The pro-
posed mechanism is well suitable for CFD simulations concerning
its compact model size, while it still includes the detailed oxidation
pathways of fuels, which enables a comprehensive kinetic analysis.
The present model was built as an additional module of a well-val-
idated mechanism for oxidation of C1–C8 hydrocarbon fuels and
substituted aromatic species with emphasis on soot precursors.
This allows the prediction of PAH and further soot formation,
which is of relevance for direct-injected gasoline engine simula-
tions. In addition, appropriate surrogate model formulations were
brieﬂy discussed in this work.
Another key focus in the present study is the automatic calibra-
tion of the common rate rules incorporated in the combustion
chemistry of n-heptane and iso-octane. The recently developed
optimization methodology for rate rules [38] based on the meth-
ods of Frenklach [34] and Sheen and Wang [36] was successfully
applied to calibrate the binary PRF mechanism with an improved
calibration effort, and the automatically calibrated common
rate rules were shown to give satisfactory numerical results for
n-heptane, iso-octane, and their mixtures covering a variety of
experimental conﬁgurations. This provides the possibility to
construct detailed chemical mechanisms with general rate rules
for various hydrocarbon fuels.Acknowledgments
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